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Abstract This study focus on the modification of the
particles of precipitated calcium carbonate (PCC) with
silica formed in situ by sol–gel method. The new materials
were characterized by several spectroscopic, analytical and
microscopic techniques. A dense film of highly branched
silica was formed at the surface of the scalenohedral PCC
crystals. The amount of silica deposited at the PCC surface,
as determined by thermogravimetric analysis, reached up to
25 wt% under appropriate experimental conditions. Particle
size distributions obtained by laser diffraction spectroscopy
of the new modified PCC’s were close to the distribution of
the original PCC, even considering that some variation in
the average size of the particles was noted. This result is of
great interest regarding the application of these materials,
for instance, as fillers in the paper industry since the
coating of silica may contribute to the fibre-to-fibre bond-
ing, thus improving paper strength.
Keywords Calcium carbonate  Nano composites  Paper
filler  Silica  Sol–gel
1 Introduction
Calcium carbonate is a material that finds many applica-
tions in several fields, namely as a building material in the
construction industry, as an extender in paints, and as a
filler in plastics and papermaking, among many others.
When used as filler in the papermaking, not only fibres are
replaced by a much less expensive material but some paper
end-use properties, like opacity, brightness, gloss,
smoothness, bulk and printability are enhanced. Moreover,
there is a precious saving of forest resources. However, the
incorporation of the inorganic particles in paper has some
drawbacks. In particular, calcium carbonate fillers cause a
hindrance of the fibre-to-fibre bonding, which in turn
results in the reduction of the paper strength. Additionally,
they increase the demand of internal sizing agents and the
phenomena of abrasion, dusting and bad filler retention.
Therefore, the filler content in paper has to be limited. In
general, for a fine paper grade with 60 g/m2 basis weight,
values superior to 20–25% are uncommon [1–3].
One of the possibilities to overcome all the aforemen-
tioned drawbacks is by changing the surface of the filler
particles [1–4]. Several works have been reported on the
modification of precipitated calcium carbonate (PCC) by:
(a) inorganic compounds, including calcium-chelating
agents (e.g. sodium hexametaphosphate), weak acids (e.g.
phosphoric acid), sodium silicate, and zinc chloride [3, 5,
6], and by (b) organic substances, such as starch, cellulose
derivatives, chitin, chitosan, xanthan gum, water-soluble
synthetic polymers, surfactants, and polymer latexes [3, 7].
In case (a), when comparing the handsheets made with the
modified fillers versus those based on the unmodified filler,
a significant improvement of a few optical properties such
as brightness and in some of the cases, the light scattering
coefficient was achieved. However, in general, mechanical
properties (tensile index, burst index) have not improved.
Concerning the modification with organic substances, (b),
starch seems to be the most promising compound to modify
the PCC surface regarding papermaking [7]. The later
additive is already used in wet–end applications because it
is not much expensive and it is able to improve retention
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(due to the hydroxyl groups in its structure, which are
capable of forming hydrogen bonds with the cellulosic
fibres). At the preparation conditions used for the filler
modification, starch could swell to form a gel which coated
on the filler surface. With starch content on the filler as low
as 2.5%, the paper strength properties were improved with
little effect on the optical properties compared with those
using the unmodified filler. It should be noted that all the
studies reported regarding the PCC modification, were
mainly focused on the practical application of the modified
PCC as filler for papermaking. The role of the specific
components added to modify PCC, the physical–chemical
interactions at the interface filler–modifier and the prop-
erties of the modified fillers surface were scarcely studied.
Silica (precipitated, fumed and gel) is one of the most
effective chemicals for the paper coating due to its high
brightness, opacity, porosity, hydrophilicity, i.e. overall
good pigment properties [8–11]. However, it is not used
as filler, mostly due to its high price comparing with PCC
and other common fillers (kaolin clay, natural ground
calcium carbonate, talc). Notwithstanding, hydroxyl
groups present at the silica particles surface are able to
maintain sufficiently strong physical interactions with the
cellulosic fibres, as proved before through the synthesis of
new cellulose/silica hybrids [12–14]. For this reason, the
modification of PCC by silica particles could be a good
approach to improve the filler–fibre interactions. The
additional cost of using silica could therefore be reduced/
compensated by the increase of the strength properties
and subsequent improvement of the paper at the printing/
copying processes. A few reports claimed the preparation
of silica-coated calcium carbonate [15, 16]. These mate-
rials were synthesised from mixtures of sodium silicate
solution and calcium carbonate aqueous suspensions [15]
or by using CO2, Ca(OH)2, and sodium silicate [16]. The
presence of silicon at the surface of calcium carbonate
was shown from the energy dispersive X-ray spectrometry
[15] or X-ray photoelectron spectroscopy results [16].
However, no clear evidence for the formation of silica has
been given. Another work reported briefly on the use of
silicone to coat calcium carbonate particles, being
the materials characterized by 29Si NMR and thermal
analysis [17].
In this paper, we report on the production of silica at the
surface of PCC by hydrolysis of tetraethyl ortosilicate
(silica precursor) in ethanol/water solutions under alkaline
conditions. Silica presence at the surface of PCC was
clearly shown by several techniques. Their amount, as
determined by thermogravimetric analysis, varied between
about 4 and 25 wt%, depending on the experimental con-
ditions used. The size distribution of the new modified filler
particles was not very different from that of the original
PCC particles.
2 Experimental
2.1 Materials
An aqueous suspension of precipitated calcium carbonate
(PCC) supplied from Specialty minerals, Inc., tetraethyl
ortosilicate (TEOS), absolute ethanol and ammonia 25%
(as NH3) from Sigma–Aldrich were used.
The industrial suspension of PCC was vigorous stirred,
and then filtered using a Buckner filter (0.2 lm). The solid
obtained was oven dried at 105C for 24 h, and ground on a
porcelana crucible before being used in the reactions
described in Sect.2.2.
A Heidolph RZR 2102 mechanical stirrer equipped with
an automatic control of agitation speed was used for the
experiments of modification of the PCC particles.
2.2 Modification of the PCC surface by hydrolysis
and condensation of TEOS under alkaline
conditions
Water (13.5 mL), ethanol (126.5 mL) and NH3 25%
(3.37 mL) were mixed inside a 250 mL beaker. 1.5 g of
PCC followed by 6.75 mL of TEOS was added under
moderate mechanical stirring (200 rpm) to the resulting
solution. The mixture having an ammonia concentration of
0.3 mol dm-3 was allowed to stand for 24 h under constant
stirring at a room temperature of *21C. The resultant
solid was filtered on a G4 sintered glass filter and washed
with 30 mL of ethanol. The solid was then dried in an
exsicator under vacuum for about 5–6 days, and, finally, it
was gently ground. Experiments with [NH4OH] of 0.05,
0.1 and 0.5 mol dm-3 were also carried out.
2.3 Methods
FTIR spectra were obtained in a Mattson 7000 FTIR, using
KBr pellets. The spectra were measured in the 400–
4000 cm-1 range with a resolution of 2 cm-1 and a number
of scans of 64.
29Si solid-state magic angle spinning (MAS) NMR
spectra were recorded at 79.49 MHz on a 9.4T Brucker
Avance-400 spectrometer, using pulses of 45 with a spin-
ning rate of 5 kHz and a 60 s recycle delay. Chemical shifts
are quoted in parts per million from tetramethylsilane.
Powder X-ray diffraction data were collected using a
Philips X’Pert diffractometer operating in the Bragg–
Brentano configuration with Co-ka (k = 1.79 A˚) radiation
at a current of 35 mA and an accelerating voltage of
40 kV. Intensity data were collected by the step counting
method (step 0.0258 and time 0.5 s) in the range
2h = 5–808. Phase identification was performed with ref-
erence to the database supplied by the International Centre
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for Diffraction Data, namely using the Powder Diffraction
File n8 81–2027 (synthetic calcite).
Thermogravimetric analysis was performed on a TGA-
50 Shimadzu thermobalance under air atmosphere between
25C and 900C, with a heating rate of 10C/min. From the
thermogravimetric plots, the amount of silica in the mod-
ified PCC materials was obtained as follows (wt%): 100 -
[weight loss (580 – 900C) 9 100.1/44.0] – [weight loss
(30–200C)] – [PCC additives percentage]. In this formula,
the term [weight loss (580 – 900C) 9 100.1/44.0], esti-
mates the relative amount of calcium carbonate in the
material, taking into account the decomposition of CaCO3
to CaO accompanied by the release of CO2. The term
(weight loss (30 – 200C)) is due to the water release and
the term (PCC additives percentage) is known from the
original PCC. The silica amount in the PCC-silica material
may, thus, be determined by difference.
Scanning electron microscopy (SEM) images were
obtained on a Jeol model: JSM-5310 or on a high resolu-
tion Hitachi SU-70 electron microscope coupled with an
energy dispersive X-ray spectrometer (EDS) from Bruker
(model Quantax 400). The samples were previously sputter
coated with gold before the SEM images acquisition or
coated with carbon for the EDS analysis.
The particles size was determined by laser diffraction
spectroscopy (LDS) using a Mastersizer 2000 from Mal-
vern Instruments. Previously to the measurements, sus-
pensions of 1% (w/w) of the PCC samples in water, to
which a small amount of ammonium polycarbonate (Tar-
gon) was added as dispersant, were prepared. These sus-
pensions were stirred, with magnetic stirring during
20 min, and then using ultrasounds during 15 min
(50 kHz). A certain volume of the prepared suspension was
added to 700 mL of water in the equipment vessel until a
10–20% obscuration was observed, and the tests were
carried out setting the pump speed to 2000 rpm. The results
analysis was based on the Lorenz–Mie theory [18].
Porosity, pore size distribution, bulk density and skeletal
density were determined using the AutoPore IV 9500
equipment whereas the true density was determined using
the Accupyc 1330. For the surface area determination it
was used the ASAP 2000. All these equipments are from
Micromeritics.
3 Results and discussion
3.1 Synthesis of the new silica-modified PCC
materials: general considerations
Formation of silica (or silica oligomers) particles by the
sol–gel method is usually based on the reactions of
hydrolysis and condensation of tetra-alkoxysilanes as
precursors [19, 20]. The reactions can be carried out in
aqueous medium or more frequently in mixtures of water
and an alcoholic solvent (co-solvent), in acidic or alkaline
conditions, and are very sensitive to the H2O/Si molar
ratio, pH, co-solvent effect, temperature and time of reac-
tion, among other factors [20–22].
The possibility of growing silica particles at the surface
of cellulosic matrix, for instance, was already demonstrated
[12–14, 23, 24]. However, to our knowledge, there is no
report regarding the coating of PCC by silica produced in
situ by the sol–gel method. The preparation of silica par-
ticles, as mentioned before in the introduction, can impart
important optical and chemical properties to the PCC.
To prepare novel PCC-silica composites, the reactions
should not be carried out under acidic conditions because
of the dissolution of the PCC (unless the contact time of the
PCC with the silica sol before the isolation of the com-
posite is kept to a minimal value, such as 2 min). In fact,
some preliminary reactions carried out by us in aqueous
solutions, using a two-step method, first with nitric acid as
the catalyst for the hydrolysis (step 1), and then with
ammonia to accelerate the condensation reaction (step 2),
either afford premature formation of silica gel or originate
some PCC dissolution. Moreover, no reproducible results
can be obtained.
On the other hand, by performing the hydrolysis/con-
densation of TEOS in ethanol/water solutions (*9:1, v/v)
under alkaline conditions (using ammonia as the catalyst)
and at a temperature of *21C, the formation of silica is
clearly detected at the surface of PCC without dissolution
of the mineral (see Sect.3.2). Experiments with different
ammonia concentration were conducted in order to check
any possible influence on the amounts of silica formed at
the PCC surface. In addition, all the experiments were run
in duplicate, to check their reproducibility, being obtained
similar results for the amount of silica formed at the PCC
surface.
A PCC isolated from an industrial suspension was used
as the material for the reactions. Some of its physical
properties were determined (Table 1) and the values
obtained are in agreement with the expected values [25].
3.2 Characterization of the new silica-modified PCC
materials
FTIR spectroscopy is a good technique to evaluate the
presence and the extent of the silica formation at the sur-
face of PCC. A few spectra of selected samples are pre-
sented in Fig. 1, including, for comparison, the spectrum of
industrial PCC. The FTIR spectrum of industrial PCC
shows the characteristic bands of calcium carbonate
(marked with *) at 1,458 cm-1 (m3 (CO3)), 872 cm
-1 (m2
(CO3)), and 713 cm
-1 (m4 (CO3)) [26]. Some bands of very
J Sol-Gel Sci Technol (2011) 59:25–31 27
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low intensity above 1,750 cm-1 are observed as well,
which could be due to the presence of low amounts of
reagents and additives used in the industrial preparation of
PCC. Infrared spectra of the modified PCC’s show several
bands (marked with ?), not observed in the spectrum of
original PCC which clearly indicate the presence of silica
[27, 28]. In particular, in the region below 1,200 cm-1, a
band with maximum at about 1,080–1,085 cm-1 is
observed which is due to the asymmetric stretching of the
Si–O-Si bonds. Bands of lower intensity near 960 cm-1,
800 cm-1 (due to the symmetric stretching of the Si–O-Si
bonds), and at about 460 cm-1 [due to the d (O–Si–O)
bending mode] are also detected. The relative intensity of
these infrared bands in comparison to those of PCC varies
with the nature of the sample. It is obvious that for the
samples presenting higher intensity silica bands, a higher
amount of silica should be present.
The amount of silica formed at the surface of PCC could
be estimated by thermogravimetric analysis. The thermo-
gram of industrial PCC (Fig. 2) shows a weight loss
between about 250 and 500C (2.0%), due to the degra-
dation of the additives used in the synthesis of PCC, con-
firming the existence of some impurities in the solid. In
addition, between 580 and 840C, a weight loss of 41.5% is
observed, due to the thermal degradation of calcium
carbonate to calcium oxide and carbon dioxide. From this
value and taking into account that a pure calcium carbonate
(100%) should give a weight loss of 44.0%, the purity of
the sample is estimated to be of about 94–95%. The ther-
mograms of the modified PCC’s (Fig. 2) show, in addition
to the weight loss steps within 250–840C, one step of
weight loss up to about 200C of 0.3–2.0% corresponding
to the release of the water molecules present in the sample.
From the weight losses values it was possible to obtain the
amount of all components present in the composition of the
composites, namely the calcium carbonate and silica
(experimental, 2.3). Thus, modified PCC’s with silica
content ranging from about 4% to 25 wt% can be obtained
under the experimental conditions selected.
Moreover, it seems that the increase of the ammonia
concentration in the reaction medium (keeping approxi-
mately constant the other experimental conditions) has an
effect of increasing the amount of silica formed at the PCC
Table 1 Porosity, density, and surface area for the industrial PCC
Porosity Average pore size Bulk density Skeletal density True density Surface area (BET)
74.5% 1.35 lm 0.42 g/cm3 1.63 g/cm3 2.65 g/cm3 3.9 m2/g
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Fig. 1 FTIR spectra of the industrial PCC (a) and of the samples of
PCC modified with silica (b, c and d stand for the reactions performed
with [NH4OH] = 0.05 M, 0.3 M and 0.5 M, respectively)
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Fig. 3 Amount of silica produced at the surface of PCC vs ammonia
concentration in the reaction medium
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surface, as shown in Fig. 3. In fact, the amount of silica
increases from about 4 to 25 wt% when increasing the
ammonia concentration in the reaction medium from 0.05
to 0.5 mol dm-3. This could be due to the increase of the
extent of the condensation reactions. This result is quite
important regarding the application of the modified PCC as
filler for the papermaking since a controlled amount of the
silica formed on the PCC may be obtained by adjusting the
ammonia concentration in the reaction medium.
The results of the amounts of silica estimated by ther-
mogravimetric analysis are in line with the results of
infrared spectroscopy described above, i.e., for those
samples showing higher intensity silica bands in the
infrared spectrum a higher amount of silica, as calculated
from the thermogravimetry data, is obtained.
29Si MAS NMR spectra of the novel PCC-based mate-
rials containing between 19–25 wt% of silica show signals
at -102 ppm and -111.5 ppm (Fig. 4), corresponding to
(SiO)3SiOH (Q
3) and Si(OSi)4 (Q
4) groups [27, 28]. By
deconvolution analysis of the 29Si MAS NMR spectrum of
PCC modified with 25 wt% of silica, it is found that the
resonances due to Q3 and Q4 groups account for 40% and
60%, respectively, of the total area of the spectrum. The
higher abundance of Q4 than Q3 and the absence of Q2
((SiO)2Si(OH)2) groups, expected at around -92 ppm [27],
indicates a high degree of condensation of the silica pre-
cursors, under the experimental conditions used, i.e., the
formation of a highly branched silica network.
The X-ray diffractograms of the novel PCC-based
materials as well as that of the original PCC (Fig. 5) show
the characteristic peaks of calcite. This result means,
clearly, that the crystalline structure of PCC remains
unchanged after the modification by silica. No peak or
broad band due to silica was detected.
The SEM photographs of the original PCC crystals
(Fig. 6) show the characteristic scalenohedral shape of the
PCC crystals with a high degree of aggregation. SEM
images of the modified PCC’s are slightly different from
those of the original PCC (Fig. 6). In fact, the shape of the
crystals is not as well-defined as those of PCC, in spite of
keeping roughly the scalenohedral geometry. The EDS
analyses (Fig. 7) on the surface of the original PCC crystals
show the presence of C, Ca, and O, as expected. For the
modified PCC’s silicon is also detected, confirming the
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Fig. 4 29Si MAS NMR spectrum of the PCC modified with silica (25
wt%)
10 20 30 40 50 60 70
2 θ (º)
In
te
ns
ity
 (a
.u.
)
a
b
Fig. 5 Powder X-ray diffractograms of PCC (a) and of PCC modified
with silica (b) (25 wt%)
Fig. 6 SEM images of PCC (a) and of PCC modified with silica (b) (25 wt%)
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surface coverage of PCC by silica. In particular, for the
PCC-based material containing 25 wt% of silica, a Ca/Si
molar ratio of 2 is found by EDS. Overall, the results of
SEM and EDS indicate the presence of a dense film of
silica at the surface of the PCC particles.
3.3 Particles size analysis
The particle size distributions (volume weighted), deter-
mined by LDS, are depicted in Fig. 8. The results show that
the shape of the distribution curves (both fractional and
cumulative) is similar. However, the mode of the distri-
butions (Fig. 8 a) is slightly shifted to higher values for the
silica-modified PCC samples, if compared to the original
PCC. Besides, the higher the amount of silica the higher is
the mode of the size distributions. The median (dp50)
values exhibit a similar tendency, as can be seen in the
cumulative curves (Fig. 8 b): the average dp50 value is 4.0
lm for the original PCC particles, 4.6 lm for the PCC with
6 wt% of silica, 5.6 lm for the PCC with 19 wt% of silica
and 6.3 lm for the PCC with 25 wt% of silica. Overall,
these results indicate that some changes occur in terms of
particles size after PCC modification with silica but these
changes are not very significant.
3.4 On the application of the new modified PCC’s
as fillers for papermaking
In addition to the present results, laboratorial studies
regarding flocculation and retention of the new fillers
particles in fibres suspension will have to be performed for
different filler content (between 20 and 40% (w/w)). Wet-
end additives, namely internal sizing and retention aids,
will be identical to those applied in industry, only differing
in the dosages and scheme of addition, due to laboratorial
scale. After optimizing these parameters for each filler
percentage, laboratorial sheets will have to be made and
tested in terms of the most important papermaking prop-
erties, for further comparisons. As shown, the modified
fillers are not very different in terms of particle size. A
preliminary rheology study was also made, and no signif-
icant differences are found either for the viscosities of PCC
and PCC-silica (25%): for 9% (wt%) aqueous suspensions
at the shear rate of 600 s-1 (20C), values of 5.0 and
4.8 mPa.s, respectively, were obtained.
4 Conclusions
The in situ synthesis of silica at the surface of PCC parti-
cles using sol–gel method is presented by the first time in
0 1 2 3 4 5 6
Energy (KeV)
Co
un
ts
 
O
C
Ca
Ca
a
0 1 2 3 4 5 6
Energy (KeV)
Co
un
ts
 O
C
Ca
Ca
b
Si
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this study. The reactions were based on the hydrolysis (and
condensation) of TEOS under alkaline conditions and were
conducted in the presence of the PCC particles. The pres-
ence of silica at the surface of PCC in the new materials
was shown by FTIR, 29Si MAS NMR, SEM/EDS and
thermogravimetry. A modified PCC with silica content of
25 wt% was obtained by performing the reaction with a
TEOS concentration of 0.2 mol dm-3 and ammonia con-
centration of 0.5 mol dm-3. The particle size distribution
of the modified PCC samples was similar to that of the
original PCC, but a slight increase in the dp50 values was
detected. However, it is legitimate to conclude that the
modification of the PCC particles did not introduce major
alterations in the dimensions and aggregation of the indi-
vidual crystals, as confirmed by SEM.
Future work will focus on a more detailed character-
ization of the surfaces of the new materials here produced,
namely by inverse gas chromatography, in order to access
the surface energy and its acid–base character. On the other
hand, the application of these silica-modified PCC mate-
rials as new fillers for the paper production will be
explored.
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